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Doped semiconductors are intrinsically homogeneous media. However, by applying an external
magnetic field that has a spatially periodic variation, doped semiconductors can behave extrinsically
like conventional photonic crystals. We show this possibility theoretically by calculating the photonic
band structures of a doped semiconductor under an external, spatially periodic magnetic field.
Homogeneous media, behaving like conventional photonic crystals under some external, spatially
periodic fields, define a new kind of photonic crystals: extrinsic photonic crystals. The proposed
extrinsic photonic crystals could not only extend the concept of photonic crystals but also lead to
the control of the dispersion and propagation of electromagnetic waves in a unique way: simply
manipulating the externally applied fields.
PACS numbers: 42.70.Qs, 78.20.Ls, 78.66.-w
In the areas of computing and communication there
has been a strong desire to replace electronic devices with
photonic ones due to the fact that as information car-
riers electromagnetic waves are advantageous in many
ways over electrons. One of the promising approaches
is based on photonic crystals (PCs).1,2 PCs proposed
up to now are composite materials with a permittivity
or/and a permeability which is a periodic function of
the position.3 As a result of the multiple Bragg scat-
terings, PCs are characterized by complicated photonic
band structures. Between photonic bands there may ex-
ist photonic band gaps (PBGs), for frequencies within
which the propagation of electromagnetic waves is abso-
lutely forbidden. The existence of the complicated pho-
tonic band structures and PBGs in PCs allows the control
of dispersion and propagation of electromagnetic waves
somewhat in a desired way, which can lead to many novel
applications.4,5,6,7
In conventional PCs the spatially periodic variation
of the permittivity or/and the permeability is obtained
by the periodic arrangement of two or more materi-
als. To obtain more degrees of tunability, tunable PCs
have been proposed. The tunability relies on the mod-
ification of the permittivity or/and the permeability
of the constituent materials by some external parame-
ters such as temperature, external electric or magnetic
fields.8,9,10,11,12,13,14,15,16,17 Tunable PCs proposed up to
now still consist of two or more materials. Based on tun-
able PCs, it is possible to design and fabricate new kinds
of optoelectronic and microwave devices such as optical
modulators, switches, tunable filters, and tunable res-
onators.
In the present work we propose and conceptualize a
new kind of tunable PCs: extrinsic PCs. Unlike con-
ventional PCs, an extrinsic PC is composed of a single
homogenous material, whose permittivity or/and perme-
ability can be altered by applying some external fields.
If the applied external filed is spatially periodic, a spa-
tially periodic variation of the permittivity or/and the
permeability can be obtained likewise. Consequently,
this homogenous material behaves like conventional PCs.
Extrinsic PCs may extend the concept of PCs, leading
likely to some new applications. To exemplify the idea of
extrinsic PCs, we present theoretical calculations of the
photonic band structures for a doped semiconductor un-
der a spatially periodic magnetic field. Our results indi-
cate that this doped semiconductor behaves extrinsically
like a conventional PC.
In previous works15,16,17 we showed that PCs consist-
ing of doped semiconductors can be made tunable under
an external magnetic field. The central idea relies on the
fact that the dielectric constant of doped semiconductors
can be altered by applying an external magnetic field ow-
ing to magneto-optical effects.18,19 In the present work,
we take advantage of one of the famous magneto-optical
effects, Voigt effect,18,19 in order to achieve extrinsic PCs.
The proposed extrinsic PCs here are composed of a sin-
gle n-doped semiconductor. For frequencies well below
the phonon resonance frequency, the dielectric constant
of n-doped semiconductors is given, in the absence of the
external magnetic field, by20
ε(ω) = ε0
(
1−
ω2p
ω2
)
, (1)
where ε0 is the static dielectric constant. The plasma
frequency ωp is obtained from
ω2p =
4pine2
m∗ε0
, (2)
where n is the density of electrons, e is the effective
charge of electrons, and m∗ is the effective mass of elec-
trons. In Voigt configuration,18,19 the propagation di-
rection of electromagnetic waves is perpendicular to the
applied magnetic field. The modification of the dielectric
constant due to the external magnetic field is different
for different polarizations. For E-polarization (with the
electric field parallel to the external magnetic filed), the
dielectric constant is not affected by the applied magnetic
field, still given by Eq. (1). For H-polarization (with
2the electric field perpendicular to the external magnetic
field), however, the dielectric constant is modified in the
presence of the external magnetic field, given by19
ε(ω) = ε0
(
1−
ω2p
ω2 − ω2c
−
ω4pω
2
c
ω2 (ω2 − ω2c )
(
ω2 − ω2c − ω
2
p
)
)
.
(3)
The cyclotron frequency is ωc = eB/m
∗c, where B is
the amplitude of the external magnetic field and c is the
speed of light in vacuum. It should be noted that for fre-
quencies substantially above the phonon resonance, ε0 in
Eqs. (1) and (3) should be replaced by the optical dielec-
tric constant ε∞. It is obvious that forH-polarization the
dielectric constant is a function of the external magnetic
field B. Thus, a spatially periodic variation of the re-
fractive index can be achieved provided that the applied
external magnetic field is spatially periodic.
(a) (b)
FIG. 1: (color online). Schematic view of the externally ap-
plied magnetic field with (a) 1D and (b) 2D spatially periodic
variations. The magnetic field is perpendicularly applied only
to the shaded regions.
We now consider an external magnetic field that has
one-dimensional (1D) and 2D spatially periodic varia-
tions as shown schematically in Fig. 1. As a first ap-
proximation, it is assumed that the magnitude of the
magnetic field is homogeneous everywhere in the applied
region, while it is zero outside the applied region. In real
cases, the applied magnetic field is not so ideal as as-
sumed, which may lead to some quantitative changes in
our results. But it does not affect our conclusions. Under
the spatially periodic magnetic field, a doped semicon-
ductor should behave like a conventional PC. Without
loss of generality, the doped semiconductor is assumed
to be n-doped GaAs. The static dielectric constant of
GaAs is ε0 = 12.9, taken from Ref. 20.
With a 1D spatially periodic magnetic field applied to
n-doped GaAs as shown in Fig. 1(a), n-doped GaAs be-
haves like a 1D PC, whose photonic band structures for
H-polarization as a function of the magnitude of the ap-
plied magnetic field are shown in Fig. 2. The photonic
band structures are calculated from a transfer matrix
method.21,22 In photonic band structure calculations, the
lattice constant of the periodic magnetic field is a = 0.8
mm and the fraction of the applied region with respect
to one unit cell is 0.7a.
For E-polarization, the photonic band structures are
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FIG. 2: (color online). Calculated photonic band structures
of H-polarization for n-doped GaAs with ωp = 0.707 THz
under a 1D spatially periodic magnetic field. The magnitude
of the applied magnetic field is (a) 0, (b) 0.264, and (c) 0.528
Tesla.
not affected by the applied magnetic field, which are ex-
actly the same as those of H-polarization in the absence
of the magnetic field. There exists a low-frequency band
gap that extends up to the plasma frequency ωp. Above
ωp, the photonic band structure is simply a folded ver-
sion from the corresponding dispersion of n-doped GaAs.
With the applied magnetic field, drastic changes in the
photonic band structures for H-polarization occur. The
upper edge of the low-frequency band gap shifts down-
wards with the increasing magnetic field. Below ωp, ad-
ditional photonic bands and PBGs appear. Above ωp,
some PBGs open up owing to the multiple Bragg scat-
terings. Just below (ω2p + ω
2
c )
1/2, there exist very dense,
flat photonic bands owing to the fact that the region ap-
plied with the magnetic field has a very large positive
dielectric constant. For frequency well above ωp, pho-
tonic band structures are less affected due to the fact
that the dielectric constant is weakly modified at high
frequencies.
When a 2D spatially periodic magnetic field is applied
to n-doped GaAs as shown in Fig. 1(b), this n-doped
GaAs should behave like a 2D PC. The lattice type of
the periodically applied magnetic field is square with a
lattice constant of a = 0.6 mm. The applied regions
have circular shapes with a radius of 0.4a. A plane-wave-
based transfer matrix method23 is used to calculate the
photonic band structures, shown in Fig. 3. Without the
external magnetic field, the photonic band structures for
E- and H-polarizations are degenerate. A band gap ex-
ists at the frequencies below ωp and there are no PBGs
above ωp. The photonic band structures are a simple
folding from the dispersion of n-doped GaAs. When a
spatially periodic magnetic field is applied, some changes
occur in the photonic band structures for H-polarization.
Unlike in 1D systems, no complete PBGs open up, owing
to the fact that the modification by the applied magnetic
3field is not strong enough to give rise to a strong con-
trast of the refractive index. However, some additional
photonic bands and partial PBGs appear. For example,
at B = 0.353 Tesla there exists a partial PBG ranging
from 0.555 to 0.587 THz along the ΓX direction. Sim-
ilar to the 2D PC composed of a doped semiconductor
perforated with air hole arrays,16 some very dense, flat
photonic bands are present in two frequency ranges, one
from 1.052 to 1.137 THz and other one from 0.195 to
0.471 THz. The existence of the dense, flat photonic
bands (shaded regions) is due to fact that the dielectric
constant of one of the regions applied with and without
the magnetic field is negative, while the dielectric con-
stant in other region is positive. The low-frequency PBG
still exists for frequencies below 0.195 THz, where the
dielectric constants of the two regions are both negative.
For frequencies well above ωp, the photonic band struc-
tures are weakly affected as expected.
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FIG. 3: (color online). Calculated photonic band structures
of H-polarization for n-doped GaAs with ωp = 0.471 THz
under a 2D spatially periodic magnetic field. The magnitude
of the applied magnetic field is (a) 0 and (b) 0.353 Tesla. The
high symmetrical points in the irreducible Brillouin zone of
a square lattice are denoted by Γ = (0, 0), X = (1, 0)pi/a,
and M = (1, 1)pi/a. In the shaded regions there appear very
dense, flat photonic bands.
From the above discussions, we show the possibility to
achieve extrinsic PCs based on a single n-doped semicon-
ductor. It is know that the plasma frequencies of n-doped
semiconductors lie in the THz regime for reasonable dop-
ing densities. Therefore, the proposed GaAs-based ex-
trinsic PCs may have some potential applications in the
THz technology such as switches, modulators, tunable
filters and resonators. As an example, we show in Fig.
4 the switching effects of finite n-doped GaAs under 1D
or 2D spatially periodic magnetic filed. For the 1D case,
for wavelengths in the vicinity of 0.75 THz, electromag-
netic waves can transmit in the absence of the applied
magnetic filed. When the magnetic filed is applied, there
is no transmission due to the existence of a PBG. For
wavelengths in the vicinity of 0.66 THz, there is trans-
mission when the magnetic field is applied, while electro-
magnetic waves cannot transmit when the magnetic filed
is switched off. Similarly, this switching occurs also in
the 2D system.
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FIG. 4: (online color). Transmittance spectra of H-
polarization for finite n-doped GaAs under (a) 1D and (b)
2D spatially periodic magnetic fields. The thickness of GaAs
is 8 mm in 1D and 19.2 mm in 2D, respectively. The other
structural parameters for 1D and 2D are the same as used in
Figs. 2 and 3. The magnitude of the applied magnetic field
is 0.264 and 0.353 Tesla for 1D and 2D, respectively. Solid
(dashed) lines stand for transmission in the absence (presence)
of the magnetic field.
It should be pointed out that point and line defects
can be also introduced in extrinsic PCs. This can be
achieved by introducing point and line defects in the ex-
ternal, spatially periodic magnetic field. Consequently,
tunable cavity and waveguides could be obtained. In the
above discussions, the external magnetic field is static.
However, the applied magnetic field can be also alterna-
tive. As a result, a dynamic control of the optical prop-
erties of extrinsic PCs can be achieved, which may lead
to some novel applications.
In summary, we proposed and conceptualized a new
kind of tunable PCs: extrinsic PCs. Without externally
applied fields, they are homogeneous media; when exter-
nal fields are applied, they are PCs simultaneously. We
showed by numerical calculations that a n-doped GaAs
behaves like conventional PCs under a spatially periodic
magnetic field. Our conceptualized extrinsic PC may
greatly extend the concept of PCs. Moreover, by manip-
ulating the externally applied fields extrinsic PCs provide
with a unique way to control the dispersion and propa-
gation of electromagnetic waves.
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